Despite the common perception of hemoglobin as a blood protein, the protein is also found in many invertebrates, bacteria, fungi, and in some higher plants. Plant hemoglobin was thought to be restricted to the nitrogen-fixing root nodules of legumes in the highly specialized symbiosis with strains of Rhizobium or Bradyrhizobium bacteria. The function of these legume hemoglobins (leghemoglobins) is the facilitated diffusion of oxygen to the respiring bacteroids within the root nodule (for review, see ref. 1 ).
More recently, hemoglobin and hemoglobin genes have been discovered in the nonlegume genera Parasponia, Trema, Casuarina, Hordeum, Triticum, and Zea (2) (3) (4) (5) (6) (7) (8) . The finding of hemoglobin genes in non-nodulating plants (Trema, Hordeum, Triticum, and Zea) and in phylogenetically diverse plant genera, including monocots, reinforces the proposal that hemoglobin may be present in all plants (9) . Two roles for plant hemoglobin outside the nitrogen-fixing symbiosis have been proposed: (i) as a facilitator of oxygen diffusion in rapidly respiring cells or (ii) as an oxygen sensor involved in switching plant metabolism to anaerobic pathways (9) .
In general terms, there appear to be two different types of plant hemoglobins, the symbiotic (nodule specific and associated with a symbiotic interaction involving microorganisms) and the nonsymbiotic hemoglobins (expressed in non-nodule tissues such as roots and stems). The situation in the nodulating tree Parasponia andersonii is unusual in that a single gene encodes a protein that has both a symbiotic and nonsymbiotic role (3) .
The symbiotic hemoglobin genes have been postulated to have arisen by duplication of preexisting, nonsymbiotic, hemoglobin genes (9) . Casuarina glauca presents a possible example of such a gene duplication and divergence process in
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that it has both a single nonsymbiotic hemoglobin gene expressed in all tissues analyzed, and a different, symbiotic hemoglobin gene family expressed exclusively in the nodules induced by Frankia, an actinomycete (6, 7) . Gene duplication with subsequent specialization is a common evolutionary strategy and recent evidence suggests that in legumes other nodule specific proteins have arisen by this mechanism, e.g., nodulin 26 (10 (3) . Probes were either the PCR fragment soyhblf+4r2 or the leghemoglobin clones 13.0/1.6 and 7.5/2.0 (12), which together cover the entire coding region of soybean Ibpsl.
PCR Reactions. Degenerate primers were designed to conserved regions of plant nonsymbiotic hemoglobins (see Fig. 1 ) as follows: Hbexonlf (hemoglobin exon 1 forward primer), 5 '-CGGAATTCGA(A/G)GA(A/G)(C/G)A(A/G)GA(A/ G)GCI(T/C)TIGT; Hbexon2f (exon2 forward primer), 5'-CGGAATTCATITT(T/C)GA(A/G)ATIGCICC; Hbexon2r (exon 2 reverse primer), 5'-CGGGATCCGC(A/G)TGIII(T/ C)TTIA(A/G)(T/C)TTIGG(A/G)TT; Hbexon4r2 (exon 4 reverse primer), 5'-CGGGATCCGC(T/C)TC(T/C)TTIAT-IGT(T/C)TC.
Template Proc. Natl. Acad. Sci. USA 93 (1996) 5683 ated, partial Sau3A digested genomic DNA and screened with a soyhblf+4r2 probe using standard methods (13 reading frame that contained residues known to be critical in hemoglobin structure and function, and was partially homologous to the known nonsymbiotic plant hemoglobins. A longer gene fragment was generated using degenerate primers derived from sequences in the first and last exons of nonsymbiotic hemoglobins (hbexonlf and hbexon4r2). As the genomic DNA was likely to include three introns, the hemoglobin-specific Soyhb2f35 probe was used to identify the correct product from this second PCR reaction.
The longer clone (lf+4r2) contained the original 110-bp fragment and was used to isolate corresponding genomic segments. The gene sequence (GenBank accession no. U47143) had a five amino acid N-terminal extension similar to that in the nonsymbiotic and P. andersonii hemoglobins (Fig. 1) , and three introns at positions found in all plant hemoglobins.
The New Hemoglobin Gene Does not Hybridize to the Leghemoglobins; Homologues Are Present in Other Legumes. Southern blot analysis, using the lf+4r2 PCR fragment and the previously described leghemoglobin gene probes, showed no hybridizing bands in common between these two classes of genes in soybean (Fig. 2) (23, 24) . The nonsymbiotic (or dual function hemoglobin, in the case of the P. andersonii gene) hemoglobin genes from C. glauca, Trema tomentosa, and P. andersonii do not have these conserved motifs at this spacing (see Fig. 5 ). The critical CTCTT motif is absent from the nonsymbiotic genes. The promoter of the new soybean hemoglobin gene does not contain this motif either, but has the sequence CTCCC, identical in sequence and position to a motif in P. andersonii (see Fig. 5 ). Another motif shown to be critical for expression of the P. andersonii promoter (unpublished data), GAAGAG (Fig. 3) Numbers above the diagonal represent similarity between predicted hemoglobin amino acid sequences; numbers below the diagonal represent similarity between nucleotide sequences in the coding region (see Fig. 1 legend) .
Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) lower concentration in root tips than in the remainder of the root (Fig. 3) . (Fig. 1) . The presence of expressed nonsymbiotic hemoglobin genes in a number of dicots, now including the legumes, as well as the monocots
Plant Biology: Andersson et al. AAGTTTTTGAAAAGATGA (7) and C. glauca hb nonsymbiotic hemoglobin (6) and soybean nonsymbiotic hemoglobin (this study) are numbered from the start codon, Parasponia andersonii hemoglobin (3), Trema tomentosa hemoglobin (4), Soybean Iba, Ibcl, lbc2, lbc3 (27) A similarity-tree based on pairwise comparisons of many of the known plant hemoglobin amino acid sequences was constructed using the Genetics Computer Group (GCG; Madison, WI) PILEUP program (Fig. 4) (26) . The symbiotic hemoglobins of one species are more similar to symbiotic hemoglobins of other species than to the nonsymbiotic hemoglobins within the same species. This analysis suggests that leghemoglobins arose before speciation within the legumes, the result of an initial gene duplication event that was followed by further duplications giving rise to the symbiotic leghemoglobin gene families within the present day legumes.
The C. glauca symbiotic hemoglobin (cassymhb) clusters with the leghemoglobins rather than with the nonsymbiotic hemoglobins. The C. glauca nonsymbiotic hemoglobin protein is 87% similar to the soybean nonsymbiotic hemoglobin and groups with it on a separate subbranch of the dendrogram (Fig.  4) . The promoter motifs of these two nonsymbiotic genes are also similar (Fig. 5) . Because the symbiotic hemoglobins (cassymhb and the leghemoglobins) are more similar to each other than to their putative progenitor nonsymbiotic hemoglobins in sequence, expression and regulation, they may have been derived from the same initial gene duplication before the divergence of Casuarina and the legumes. The similarities of the symbiotic and nonsymbiotic hemoglobins from Casuarina and soybean suggests that the species are more closely related than has previously been thought (28) . A study based on the DNA sequences of the large subunit of the Rubisco gene has also placed the legumes close to Casuarina (29 (4, 8) 
